Electronic Supplementary Material (ESI) for ChemComm.
This journal is © The Royal Society of Chemistry 2021

Supplementary Information

X-Shaped Thiadiazole-Containing Double [7]Heterohelicene with Strong
Chiroptical Response and m-Stacked Homochiral Assembly

Juan Hong"!, Xuxian Xiao*!, Haoliang Liu?, Lin Fu3, Xin-Chang Wang?, Long Zhou!, Xiao-Ye
Wang?, Zijie Qiu*, Xiao-Yu Cao?, Akimitsu Narita*, Klaus Miillen*, Yunbin Hu*!

!College of Chemistry and Chemical Engineering, Central South University, Changsha, 410083,
China.

’Department of Chemistry and Chemical Engineering, Xiamen University, 361005, Xiamen, China.
3State Key Laboratory of Elemento-Organic Chemistry, College of Chemistry, Nankai University,
Weijin Road 94, Tianjin, 300071, China.

“Max Planck Institute for Polymer Research, Ackermannweg 10, 55128 Mainz, Germany

Tabel of Contents
1. Experimental Section 2
2. Optical Resolution 4
3. X-ray single crystallography 4
4. DFT calculations and Optical Properties 9
5. Circular Dichroism in Thin Film 18
6. NMR and HRMS Spectra 19

S1



1. Experimental Section
General Methods

Unless otherwise noted, all reagents and solvents were purchased from Energy Chemicals, Chron
Chemicals or Sigma-Aldrich, and used without further purification. 2,2”,6,6”-Tetrabromo-4,4”-di-
tert-butyl-1,1":4’,1”- terphenyl (3) was prepared according to the literature procedures.! NMR
spectra were recorded on Bruker Avance 400 ('"H NMR: 400 MHz, '3C NMR: 100 MHz). The
signals have been designated as follows: s (singlet), d (doublet), t (triplet). High resolution mass
spectrometry (HRMS) was performed on a SolariX Fourier-transform ion cyclotron resonance (FT-
ICR) mass spectrometer by matrix-assisted laser desorption/ionization (MALDI). UV-Vis
absorption spectra were recorded by UV-2600 Spectrophotometer. Fluorescence spectra were
measured by HITACHI F-4600 Fluorescence Spectrophotometer. Absolute photoluminescence
quantum yields were determined on Edinburgh FS5 Fluorescence Spectrometer. Fluorescence
lifetimes were determined by transient state fluorescence spectroscopy on Edinburgh FLS1000
fluorescence spectrometer. Optical resolution of the enantiomers of 1 was performed on a Shimadzu
LC-16A instrument equipped with a DAICEL CHIRALPAK IE column. A mixture of
chloroform/hexane was used as the eluent. Circular dichroism (CD) spectra were collected on
JASCO J-810 circular dichroism spectrometer at 298 K. X-ray crystallography was performed on a
Bruker AXS Kappa ApexIl Duo Diffractometer.
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5,5',5",5'"'-(4,4"-Di-tert-butyl-[1,1':4',1""-terphenyl]-2,2",6,6"'-

tetrayl)tetrakis(benzo|c][1,2,5]thiadiazole) (TBTP): Under argon atmosphere, 2,2”,6,6”-
tetrabromo-4,4"-di-tert-butyl-1,1":4’,1”-terphenyl (3, 500 mg, 0.760 mmol), benzothiadiazole
boronic ester (4, 1.59 g, 6.08 mmol), potassium carbonate (1.62 g, 11.7 mmol), and Pd(pph3)4 (110
mg, 0.0952 mmol) were dissolved in a degassed solvent mixture of dioxane (48 mL) and H,O (7
mL). The resulting solution was stirred at 100 °C for 24 h. After cooled to room temperature, the
reaction mixture was poured into water and extracted with dichloromethane. The combined organic
phases were washed with water and brine, and evaporated under vacuum. The residue was purified
by chromatography on silica gel using petroleum ether / dichloromethane (1/4) as eluent to obtain
the title compound as white solid. (534 mg, 80% yield). '"H NMR (400 MHz, CDCls, 298 K, ppm)
07.87 (d, J=9.1 Hz, 4H), 7.82 (s, 4H), 7.50 (s, 4H), 7.06 (d, J=9.1 Hz, 4H), 6.52 (s, 4H), 1.39 (s,
18H); 3C NMR (100 MHz, CDCl;, 298 K, ppm) 6 154.88, 153.71, 151.22, 144.10, 140.08, 136.39,
135.11, 132.74, 131.57, 128.17, 121.57, 120.12, 34.81, 31.30; HRMS (MALDI-TOF) m/z: Calcd
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for CsoH39NgS4: 879.2181; Found: 879.2173 ([M+H]").

DDQ

30°C

TBTP 1 2

Double thiadiazolo[7]helicene 1 and partially fused compound 2: Under argon atmosphere,
TBTP (200 mg, 0.227 mmol) and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (515 mg,
2.27 mmol) were dissolved in 150 mL of degassed anhydrous dichloromethane. The resulting
solution was cooled to 0 °C and triflic acid (5.2 mL) was added dropwise. The reaction mixture was
then heated to 30 °C and stirred overnight. After cooled to room temperature, the reaction mixture
was neutralized by triethylamine, and diluted with dichloromethane The organic phases were
combined, washed with water, and evaporated to dryness. The residue was purified by silica gel
chromatography using petroleum ether / dichloromethane (1/2) as the eluent to obtain compound 1
(100 mg, 50% yield) and 2 (50 mg, 25% yield) as red and yellow solids, respectively. Compound
1: '"H NMR (400 MHz, CDCls, 298 K, ppm) J 9.46 (s, 4H), 9.30 (d, J = 9.5 Hz, 4H), 8.13 (d, J =
9.4 Hz, 4H), 1.88 (s, 18H); 3C NMR (100 MHz, CDCl;, 298 K, ppm) ¢ 153.84, 152.80, 150.16,
129.98, 128.74, 127.54, 125.87, 124.30, 122.31, 121.95, 121.80, 119.91, 36.09, 32.11; HRMS
(MALDI-TOF) m/z: Calcd for CsoH3oNgS4: 870.1455; Found: 870.1490 (M*). Compound 2: 'H
NMR (400 MHz, CDCls, 298 K, ppm) 0 10.73 (s, 2H), 9.13 (s, 2H), 9.04 (d, /= 9.6 Hz, 2H), 8.41
(s, 2H), 8.16 (d, J=9.5 Hz, 2H), 7.88 (s, 2H), 7.17 (d, /= 9.1 Hz, 2H), 7.13 (d, J = 10.4 Hz, 2H),
1.71 (s, 9H), 1.60 (s, 9H); 3C NMR (101 MHz, CDCl;) d 154.18, 154.11, 152.53, 152.45, 150.56,
148.54, 143.65, 140.23, 136.55, 136.01, 132.08, 130.98, 129.54, 127.53, 127.41, 126.17, 125.88,
122.74, 122.10, 121.66, 121.43, 119.83, 119.58, 118.35, 34.86, 34.04, 30.93, 30.51; HRMS
(MALDI-TOF) m/z: Calcd for CsoH34NgS4: 874.1789; Found: 874.1779 (M™*).
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2. Optical Resolution
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Figure S1. Chiral HPLC traces for the separation of racemic 1 (a), the first eluting enantiomer (b)
and the second eluting enantiomer (c¢) using chloroform as eluent with a flow rate of 0.5 mL/min.

3. X-ray single crystallography

The single crystals of racemic 1, (M,M)-1 and 2 suitable for X-ray analysis were obtained as follows.
Single crystal of racemic 1 was grown by diffusing methanol vapor into the chloroform solution.
Single crystal of (M,M)-1 was grown by slowly evaporating the dichloromethane/methanol solution.
Single crystal of compound 2 was grown by diffusing methanol vapor into the toluene solution. All
these crystal structures were deposited at the Cambridge Crystallographic Data Centre and the data
can be obtained free of charge via www.ccdc.cam.ac.uk/structures.

Table S1. Crystal data for racemic 1 (CCDC number: 2024521).

formula CsoH30NgS4, 2(CHCl3)
molecular weight 871.09 g mol'!

absorption p=0.573mm!

crystal size red block with undefined size
space group P-1(triclinic)

a=12.6199(3)A a=89.8620(10)°
b=12.6719(3)A [3=78.768(10)°
c=16.2469(3)A v=73.0990(10)°
v=243427(9HA3  z=2  F(000)=1132.0
temperature 296(2) k

density dyray=1.514g cm

lattice parameters
(calculate from 7777 reflections
with 2.35°< 0 <24.99°)

data collection

diffractometer Bruker APEX-I1 CCD
radiation Mo-K, Graphitmonochromator
scan-type ® scans

scan-width 1°

1.28°<0<27.7°
-16°<h <16°-16°<k<16°-21°<1<21°
s4

Scan range




number of reflections:

measured 41534
unique 11170(R;,=0.0456)
observed 5608(1/s(I)>2)

Data correction, structure solution and refinement

corrections Bruker APEX2

structure solution program:SHELXS-97 (sheldrick, 1990)
program: SHELXS-97 (sheldrick, 1997). 631
refined  parameters,  weighting  scheme:

refinement
w=1/[c%(F,2)+(0.1484P)*+2.3560P] where P=(
F,2+2F2)/3

Rovalues wR,=0.2369 (R=0.0879 for observed reflections,
0.1720 for all reflections)

goodness of fit S=1.033

Figure S3. Heterochiral dimer stacked by - interactions and C-H---N contacts (blue dotted lines)
of 1 in racemic crystal.
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TableS2. Crystal data for (M,M)-1 (CCDC number: 2024494).

formula

CsoH30NgS4, C7Hg

molecular weight

871.09 g mol-!

absorption

p=0.234 mm-!

crystal size

0.29X0.11X0.07 mm3(yellow needle)

space group

P2yb(monoclinic)

lattice parameters

with 2.41°< 6 <11.0°)

(calculate from 108 reflections

a=24.74(8)A  a=90(10)°

b=8.05(2)A B=94.46(6)°
c=25.1009)A  y=90 (10)°

v=4983(28)A%  z=2 F(000)=1898.0

temperature 150(2) k
density dyray=1.222 g cm™
data collection

diffractometer Bruker APEX-1I CCD
radiation Mo-K,Graphitmonochromator
scan-type ® scans
scan-width 1°

2.23°<0<25°
scan range

-29°<h <29°-9°<k <9°-29°<1<29°

number of reflections:

measured 149715
unique 17558(R;,=0.1440)
observed 13842(1/s(1)>2)
Data correction, structure solution and refinement
corrections Bruker APEX2

structure solution

program: SHELXS-97 (Sheldrick, 2008)
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program: SAINT V838A (Sheldrick, 2016). 1193 refined

refinement parameters, weighting scheme: w=1/[c%(F,?)+(0.1309P)?]
where P=(F,*+2F2)/3
wR,=0.1857 (R=0.0694 for observed reflections, 0.0889 for
R-values

all reflections)

goodness of fit

S5=1.062

Figure S4. ORTEP drawing of (M,M)-1 in enantiopure crystal with 50% probability thermal

ellipsoids.

Table S3. Crystal data for compound 2 (CCDC number: 2024495).

formula

CsoH34N3S4, CH,Cl

molecular weight

875.09 g mol!

absorption

1=0.308mm!

crystal size

0.22X0.06 X 0.03mm?>(yellow block)

space group

P-1(Triclinic)

lattice parameters
(calculate from 2154 reflections
with 2.74°< 0 <18.51°)

a= 15.056(3)A
b=16.373(3) A
c=19.923(4)A
v=4622.9(16)A3

a=94.827(14)°

B =107.933(12)°
¥=94.992(13)°

=2 F(000)=1900.0

temperature

296(2) k

density

dyray=1.318gcm

data collection
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diffractometer

Bruker APEX-1I CCD

radiation Mo-K, Graphitmonochromator
scan-type  scans
scan-width 1°
1.4°<0<25°
scan range

-17°<h < 17°-19° <k < 19° -23°<1<23°

number of reflections:

measured 63549
unique 17562(R;,=0.1718)
observed 2154(U/s(1)>2)
Data correction, structure solution and refinement
corrections Bruker APEX2

structure solution

program: SHELXS-97 (Sheldrick, 2008)

program: SHELXIL.-2014/7 (Sheldrick, 2014). 1171 refined

refinement parameters, weighting scheme: w=1/[c%(F,?)+(0.1309P)?]
where P=(F,>+2F.2)/3
wR,=0.1680 (R=0.0840 for observed reflections, 0.2487 for
R-values

all reflections)

goodness of fit

5=0.852

Figure S5. ORTEP drawing of 2 with 50% probability (the tert-butyl groups are
disordered).
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4. DFT calculations and Optical Properties

DFT calculations were performed using the Gaussian 09 software package.? Spin density calculation
of the radical cation of precursor 3 was performed at the UB3LYP/6-31g(d,p) level of theory. The
geometries, molecular orbitals (MO), and MO energies of 1 were calculated at the B3LYP/6-
311G(d,p) level. The UV-vis absorption and CD spectra were simulated by time-dependent DFT
(TD-DFT) calculations at the same level of theory.

Figure S6. Spin-density distribution (top and side views) of the radical cation of precursor 3

dihedral angles
1-2-3-4: 38.1°
5-6-7-8: 37.7°
A-A'": 33.2°

Figure S7. Top and side views of the optimized geometry of 1 (relative dihedral angles are listed).
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Figure S8. Relative Energy diagrams of the isomerization process from (P,P)-1 to (M,M)-1 through

a transition state (TS).

“ & e
S L
[ “ . t‘&"t
oV «O9
L5 A%
¢ A.. = k‘b‘k
N g Nt
e & e &
LUMO:-2.97eV LUMO+1:-2.58eV
e &
S
L L N 7
@& i
D S
VST &
[ u'; .
¢t
e &
HOMO:-5.36eV HOMO-1:-6.03eV HOMO-2:-6.38eV

Figure S9. Calculated molecular orbitals and energy diagrams of 1.
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Figure S10. Simulated UV-vis spectrum and vertical transitions of 1 by TD-DFT calculation.

Table S4. Major excited states of 1 calculated by TD-DFT.

Oscillator Strength

excited energy wavelength oscillator strength description
state (eV) (nm) (f

1 2.0571 602.71 0.2080 H—L(0.69977)

2 2.5733 481.81 0.1202 H-1—L(0.66306)
H—L+4(-0.21383)

3 2.9688 417.62 0.0561 H-3—1(0.66328)
H-2—L(-0.21396)

4 3.3290 372.43 0.1438 H-1—1(0.15616)
H-1-L+3(0.43624)
H—L+4(0.49253)

5 3.3475 370.38 0.1080 H-1—L(-0.12245)

H-1—L+3(0.53506)
H—L+4(-0.39399)

6 3.3782 367.02 0.0664 H-6—L(0.52732)
H-5—L(-0.12580)
H-3—L+1(-0.25852)
H-3—L+2(0.13808)
H-2—L+2(-0.16710)
H—L+5(0.24181)

7 3.3877 365.99 0.1046 H-6—L(0.40643)
H-5—L(0.20698)
H-3—L+1(0.36365)
H-3L+2(0.11643)
H-2L+2(0.12537)
H-1L+4(0.13183)
HL+5(-0.29517)

8 3.6867 336.30 0.0502 H-6—L+2(0.11519)
H-5—L+1(0.46720)
H-4—L+2(-0.25545)
H-2—L+3(-0.42648)
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9 3.7913 327.02 0.2506 H-5—L+1(0.46232)
H-4—L+2(0.35911)
H-3—L+3(0.15064)
H-2—L+3(0.26977)
H—L+4(-0.12706)

10 3.9304 315.45 0.0985 H-8—L(-0.11482)
H-6—L+1(-0.11033)
H-6—L+2(0.64464)
H-5—L+2(0.13840)
H-2—L+3(0.10761)

a 10 e b
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Figure S11. (a) UV-Vis absorption (solid lines) and emission (dotted lines) spectra of compounds

1 and 2 in chloroform with the concentration of 1 X 10~ M. (b) the molecular orbitals and electronic
transition diagram of 1.
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Figure S12. Simulated CD spectra of (P,P)-1 and (M,M)-1 by TD-DFT calculation.
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Table S5 . Chiroptical properties calculations of (M,M)-1 calculated by TD-DFT.

excited u m cos (0,,m) abs,cal wavelength
state (102 esurem) (1020 erg/Gauss) (nm)
1 516.95 0.022 -0.024 -0.00000414 602.71
2 113.67 0.099 -1.000 -0.003 481.81
3 8.62 0.011 1.000 0.005 417.62
4 351.21 0.501 1.000 0.006 372.43
5 72.12 0.341 -0.993 -0.019 370.38
6 83.74 0.151 -0.763 -0.006 367.02
7 22347 0.125 -1.000 -0.002 365.99
8 37.57 0.054 -1.000 -0.006 336.30
9 165.80 1.366 -0.999 -0.033 327.02
10 168.89 0.918 -1.000 -0.022 31545

L transition electric dipole moments.

m: transition magnetic dipole moments.
0,,m: angle between u and m.
Zabs,cal: absorption dissymmetry factor calculated by @aps.ca = 4c0s0,,,, [ae]|m|/(|ju[>+|m]?)

The cartesian coordinates of all the optimized structures are listed as follows:

(P,P)-1

S
S
S
S
N
N
N
N
N
N
N
N
C
C
C
H
C
H
C
C
C
C
H
C
C

X

0.8417733

-0.8434957
0.8380943

-0.8363678
-0.7092638
0.5886015

0.5864277

-0.7138786
-0.5898142
0.7073394
0.7158131

-0.5852151
-1.4682105
-0.7229964
-2.8877029
-3.4404454
-3.5045997
-4.5846940
-2.8004542
-1.3996380
-3.5413886
-4.9452779
-5.4914257
-5.6645047
-7.2041721

Y

-4.8929686
-4.8930785
4.9171362
4.9170796
-5.4198762
-3.5097410
3.5325648

5.4421868
-3.5097185
-5.4206305
5.4414206
3.5326100
4.5343598

3.4345357
4.5477988

5.3787159
3.4731477
3.4638667
2.3473871

2.3466584
1.1830448

1.1530951

2.0462764
0.0089451
-0.0327201

V4
2.5196974
-2.5187795
-2.5158093
2.5166424
2.6468308
1.6740824
-1.6716192
-2.6420123
-1.6735320
-2.6457071
2.6431635
1.6721347
-2.0263628
-1.4487484
-1.9526127
-2.3710057
-1.3955668
-1.3894709
-0.8323877
-0.7718290
-0.3619726
-0.3376078
-0.5918816
-0.0077456
-0.0001696
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X
1.4650154
0.7211453
1.3989074
0.6879693
1.3922208
0.6891518
0.6895665
1.3922218
0.6875578
1.3981099
0.7199558
1.4634173
2.8827024
3.4344360
3.5007873
4.5809465
2.7978882
3.5414764
2.8255223
3.5417778
4.9456422
5.4920441
5.6645083
4.9397069
5.4911336

ol eol--lNolNolololeol--lol:lNolololololNoNoNoNoNo OO

Y
4.5135795
3.4134803
2.3276967
1.2118940
0.0111662
1.2328954
1.2326550
0.0106919
1.2121348
2.3282401
3.4139355
4.5144793
4.5299337
5.3606444
3.4565721
3.4478207
2.3317929
1.1682439
0.0093279
1.1819555
1.1517902
2.0449073
0.0075425
1.1386468
2.0319109

V4
2.0303200
1.4513887
0.7729471
0.1859098
0.0025123
0.1841331
0.1843759
0.0023089
0.1856655
0.7725835
1.4507779
2.0293852
1.9560440
2.3761538
1.3972879
1.3918526
0.8319787
0.3586246
0.0000135
0.3617958
0.3367323
0.5906917
0.0064159
0.3267213
0.5785510
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(M,M)-l

O O0OTTO0O00Z 2Z22 2 2Z 2 2Z Z wnwnnn

-7.8297329
-7.5453268
-7.5466714
-8.9194409
-7.6945363
-7.3569596
-7.3277806
-8.7880132
-7.7038932
-7.3744276
-8.7973033
-7.3366895
-4.9400661
-5.4917447
-3.5418637
-2.8255211
-2.7986876
-3.5020063
-4.5821645
-2.8843117
-3.4363462
0.8417733

X
-0.8411389
0.8441626
-0.8387471
0.8357114
0.7099582
-0.5881540
-0.5868846
0.7131616
0.5902756
-0.7066104
-0.7165472
0.5847543
1.4676322
0.7225712
2.8871282
3.4397616
3.5041748
4.5842701
2.8001836

1.3214090
2.1132776
1.6323210
1.2397517
-1.0911059
-0.8482857
-2.0910731
-1.1308386
-0.4074725
0.3281203
-0.4415218
-1.3862449
-1.1373564
-2.0305692
-1.1671652
0.0102283
-2.3307861
-3.4550801
-3.4458361
-4.5284870
-5.3588108
-4.8929686

Y
-4.8931964
-4.8932043
4.9171553
4.9173176
-5.4199536
-3.5098914
3.5325928
5.4423754
-3.5097781
-5.4209054
54414113
3.5327714
4.5345958
3.4346713
4.5481834
5.3791825
3.4735779
3.4644279
2.3477124

-0.3820849
0.3163096
-1.3915430
-0.3585914
-1.0156368
-2.0267520
-0.7728637
-1.0217595
1.4146038
2.1532318
1.4323372
1.7318921
0.3258054
0.5772816
0.3584164
-0.0000074
0.8322382
1.3979831
1.3926990
1.9570863
2.3775652
2.5196974

V4

2.5195851

-2.5181206
-2.5154309
2.5166645

2.6466028

1.6740423

-1.6712895
-2.6417192
-1.6730474
-2.6451602
2.6432095

1.6722259
-2.0261682
-1.4485543
-1.9525020
-2.3708736
-1.3955291
-1.3894730
-0.8323582
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2.8012535
1.4004372
0.7241871
1.4698167
2.8893210
3.4423668
3.5058234
4.5859150
7.2041666
7.7029549
8.7963483
7.3354097
7.3731285
7.6950261
8.7885030
7.3580407
7.3280689
7.8301423
8.9198256
7.5453893
7.5477649
1.4650154

X
1.4655865
0.7215739
1.3991912
0.6881081
1.3922253
0.6890215
-0.6897034
-1.3922248
-0.6874281
-1.3978411
-0.7195251
-1.4628309
-2.8821200
-3.4337436
-3.5003571
-4.5805167
-2.7976139
-3.5413458
-2.8255268

2.3463643
2.3461196
3.4340910
4.5334487
4.5463121
5.3768173
3.4716131
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5. Circular Dichroism in Thin Film
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Figure S13. Circular dichroism (top) and absorption (middle) spectra as well as the absolute
absorption dissymmetry factor (|g,us|) curve (bottom) of the drop-casted thin film of (M,M)-1. The

absorption dissymmetry factor was calculated by g, = A A/A3, where AA (mdeg) is converted to
AA (a.u.) by AA (a.u.) = AA (mdeg) / 32982.
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6. NMR and HRMS Spectra
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Figure S14. 'H NMR spectrum of TBTP (400 MHz, CDCl5).
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Figure S15. 3C NMR spectrum of TBTP (100 MHz, CDCI).
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Figure S16. HRMS (MALDI-TOF) spectrum of TBTP.
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Figure S17. '"H NMR spectrum of 1 (400 MHz, CDCI;).
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Figure S18. 3C NMR spectrum of 1 (100 MHz, CDCls).
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Figure S19. HRMS (MALDI-TOF) spectrum of 1.
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Figure S21. 3C NMR spectrum of 2 (100 MHz, CDCl5).
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